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Guanylate cyclase-activating protein-2 (GCAP-2) is a retinal Ca2+ sensor protein. It is responsible for the regulation of both isoforms of the
transmembrane photoreceptor guanylate cyclase, a key enzyme of vertebrate phototransduction. GCAP-2 is N-terminally myristoylated and full
activation of its target proteins requires the presence of this lipid modification. The structural role of the myristoyl moiety in the interaction of GCAP-
2 with the guanylate cyclases and the lipid membrane is currently not well understood. In the present work, we studied the binding of Ca2+-free
myristoylated and non-myristoylated GCAP-2 to phospholipid vesicles consisting of dimyristoylphosphatidylcholine or of a lipid mixture resem-
bling the physiological membrane composition by a biochemical binding assay and 2H solid-state NMR. The NMR results clearly demonstrate the
full-length insertion of the aliphatic chain of the myristoyl group into the membrane. Very similar geometrical parameters were determined from the
2H NMR spectra of the myristoyl group of GCAP-2 and the acyl chains of the host membranes, respectively. The myristoyl chain shows a moderate
mobility within the lipid environment, comparable to the acyl chains of the host membrane lipids. This is in marked contrast to the behavior of other
lipid-modified model proteins. Strikingly, the contribution of the myristoyl group to the free energy of membrane binding of GCAP-2 is only on the
order of −0.5 kJ/mol, and the electrostatic contribution is slightly unfavorable, which implies that the main driving forces for membrane localization
arises through other, mainly hydrophobic, protein side chain–lipid interactions. These results suggest a role of the myristoyl group in the direct
interaction of GCAP-2 with its target proteins, the retinal guanylate cyclases.
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parameter1. Introduction
Guanylyl cyclase-activating protein-2 (GCAP-2) is a
neuronal calcium sensor (NCS) protein present in vertebrateAbbreviations: cGMP, guanosine 3′:5′-monophosphate; DMPC, 1,2-dimyr-
istoyl-sn-glycero-3-phosphocholine; DMPC-d54, 1,2-myristoyl-d54-sn-glycero-
3-phosphocholine; GCAP-2, guanylyl cyclase-activating protein-2; NCS,
neuronal Ca2+-sensor proteins; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine; POPC-d31, 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine;
POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPE-d31,
1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPS, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylserine; POPS-d31, 1-palmitoyl-d31-2-oleoyl-
sn-glycero-3-phosphatidylserine; ROS-GC, retinal guanylate cyclase
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doi:10.1016/j.bbamem.2007.08.024photoreceptor cells [1]. NCS proteins belong to the
superfamily of four EF-hand Ca2+-binding proteins. In all
NCS proteins, including GCAP-2, Ca2+ binding to EF-hand 1
is disabled by a conserved proline residue in its core loop.
GCAP-2, like the closely homologous guanylate cyclase-
activating proteins-1 and -3 [2–5], activates both isoforms of
retinal guanylate cyclase (ROS-GC) at low free Ca2+
concentrations, and inhibits cyclase activity at the higher
levels of Ca2+ present in dark-adapted photoreceptor cells [1,6].
ROS-GC 1 and 2 (alternatively GC-E and -F, or retGC-1 and -2)
are responsible for the synthesis of cGMP, the second messenger
of phototransduction [7–10]. Their GCAP-mediated Ca2+-
dependent regulation plays a central role in shaping the
photoreceptor light response and in light adaptation (cf., e.g.,
[11–16]).
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is myristoylated at the N-terminus [17]. Protein myristoylation is
the co-translational covalent attachment of myristic acid [18], or
of related fatty acids [19,20], to an N-terminal glycine residue.
This eukaryotic lipid modification is performed by a single
enzyme, themyristoyl CoA:protein N-myristoyltransferase [21–
23]. In the Ca2+-free state of recoverin, the prototype protein of
the NCS family, themyristoyl group is buried in the hydrophobic
interior of the globular protein [24], but upon Ca2+ binding a
conformational change of the protein exposes it to the medium
[25,26]. The exposed myristoyl group directs the protein to the
membrane, where it can interact with its targets. This mecha-
nism, called the Ca2+-myristoyl switch [27] has been shown to
be functional in the NCS proteins neurocalcin δ [28] and hippo-
calcin [29] as well, but not in NCS-1 [30], which shows Ca2+-
independent membrane association.
For GCAP-2, increased membrane binding of the GC-
activating Ca2+-free form is observed, whereas the Ca2+-bound
form is cytosolic. The membrane binding of the protein has been
reported to be independent of myristoylation [17]. On the other
hand, surface plasmon resonance measurements showed that the
presence of the myristoyl group promoted increased membrane
binding of GCAP-2 in the absence of Ca2+ [31]. Despite this
apparent contradiction, both studies agree that myristoylated
GCAP-2 is a more effective activator of ROS-GC than the non-
acylated form [17,31]. The detailed tertiary structures of GCAP-
2 [32], as well as of its homologue GCAP-3 [33], have only been
determined for the non-myristoylated, Ca2+-bound forms. Thus,
the actual structural and functional role of the N-terminal myris-
toylation of GCAP-2 remains unclear.
About a decade ago, a number of studies investigated the
thermodynamics of protein binding to membranes by myristoyl
lipid modifications [34–37]. The most important conclusion
from this body of work is that a single myristoyl lipid modi-
fication does not provide sufficient binding energy for per-
manent membrane binding of the protein. Usually, electrostatic
interactions between positively charged residues in the protein
with the negatively charged membrane contribute to the binding
energy of the protein [36].
For the current paper, a structural study was carried out in
order to improve our understanding of the role of myristoylation
for the function of GCAP-2. Up to now, only little highly
resolved structural data on lipid modified proteins is available.
2H NMR is a versatile tool to determine details of the structure
and dynamics of hydrocarbon chains in particular those of lipid
modified proteins. It has been established as a standard method
for studying membrane dynamics and packing, protein lipid
interaction, and lateral lipid organization [38]. However, just a
single study has been published describing the structure of
myristoylated recoverin in its membrane-bound conformation
[39]. Some more information is available for acylated model
peptides [40,41] and the farnesylated and palmitoylated Ras
protein, where detailed structural and dynamical models of the
membrane binding protein segment [42–44] and the lipid
modification [45–47] exist.
In the course of the present studies, myristoylated and non-
myristoylated GCAP-2 was incorporated into two different lipidmembranes. First, DMPC was chosen for direct comparison of
the structural properties of the myristoyl chain of GCAP-2 and
the myristoyl chains of the DMPC matrix. In addition, the
protein was also investigated in a mixture of POPC, POPE,
POPS, and cholesterol at a composition that mimics that of
photoreceptor cell outer segments [48]. Several samples were
investigated, where the 2H label was switched between the lipid
moiety of the protein and the lipids, respectively. With this
choice of samples, we were able to study (i) the headgroup-
specific response of the membrane to protein binding and (ii)
the structure and dynamics of the myristoylated lipid modifi-
cation of GCAP-2 itself.
2. Materials and methods
2.1. Materials
The glycerophospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-diperdeuteriomyristoyl-sn-glycero-3-phosphocholine (DMPC-d54),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-perdeuteriopalmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC-d31), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), 1-perdeuteriopalmitoyl-2-oleoyl-sn-gly-
cero-3-phosphoethanolamine (POPE-d31), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylserine (POPS), 1-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-phos-
phatidylserine (POPS-d31) as well as cholesterol were procured from Avanti Polar
Lipids, Inc. (Alabaster, AL) and used without further purification. Deuterated
myristic acid was from Euriso-Top GmbH, Saarbrücken, Germany. All other
materials were purchased from Sigma, Deisenhofen, Germany.
2.2. Protein synthesis
Non-myristoylated GCAP-2 was expressed in Escherichia coli strain BL21
(DE3) from a pET-11a expression vector containing the coding DNA for bovine
GCAP-2 [31]. For that purpose, 40 ml of an overnight pre-culture was added to 5
l LB-medium and incubated in shaker flasks at a temperature of 37 °C. At an
OD600 of 0.8 the expression of GCAP-2 was induced by addition of 1 mM IPTG.
Cells were harvested 4 h after induction. Inclusion bodies where isolated
following established procedures [49]. The solubilized inclusion body material
in 6 M guanidinium chloride, pH 3 (10 mg protein per ml), was refolded by
dilution to a final concentration of 150 μg/ml protein in 0.1 M Tris–HCl, 0.5 M
Na2SO4, 1 mMCaCl2, 1 mMDTT, pH 8.5. The resulting suspension was cleared
by centrifugation and concentrated to approximately 1 mg/ml using a Vivaflow
200 cross flow unit (Sartorius AG, Göttingen, Germany), followed by extensive
dialysis against 20 mM Tris–HCl, pH 8.0.
The refolded GCAP-2 was loaded onto a HiTrap Q Sepharose HP anion
exchange column (Amersham Biotech, Little Chalfont, UK) and eluted with a
linear gradient of 50 mM to 1 M NaCl in 50 mM Tris–HCl, 1 mM DTT, pH 8.0.
The pooled fractions containing the target protein were further purified by size
exclusion chromatography on a Superdex 75 XK16/60 column (Amersham
Biotech, Little Chalfont, UK) equilibrated with 20 mM sodium phosphate
buffer, pH 7.0, containing 100 μM CaCl2.
In order to obtain myristoylated protein, GCAP-2 was co-expressed with
yeast N-myristoyl transferase I, encoded by the plasmid pBB131 [50], as pre-
viously described [51]. Myristic acid and perdeuterated myristic acid (50 mg/l),
respectively, were added to the expression culture at an OD600 of 0.4, 30 min
before induction. Protein refolding and purification were carried out as described
above. Homogeneity of the protein samples was monitored by analytical
reversed-phase HPLC [51], and molecular masses were determined by ESI-TOF
mass spectroscopy.
2.3. Membrane preparation
Aliquots of the phospholipids were co-dissolved in chloroform, dried under
vacuum (10 mbar), and then dispersed in 100 mM MOPS/KOH, 40 mM KCl,
10 mM MgCl2, pH 7, containing either 1 mM CaCl2 (+Ca
2+) or 1 mM EGTA
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30 min at 37 °C, shock frozen in liquid nitrogen and thawed 10 times. Large
unilamellar vesicles (LUV) were prepared by 10 cycles of extrusion across
polycarbonate membranes with 100 nm pores.
2.4. Sample preparation for 2H solid-state NMR
Samples for the NMR measurements were prepared by adding aliquots of
concentrated protein solution to LUV dispersions in −Ca2+ buffer to reach a
molar protein/lipid ratio of 1:150. After addition of the protein to the liposome
dispersion, the samples were incubated for 4 h, including 3 freeze–thaw cycles
to enable binding of the protein to the inner leaflet of the membrane, followed by
centrifugation at 3300×g for 1.5 h. The pellet was lyophilized and hydrated with
50 wt.% deuterium-depleted H2O. Finally, the samples were transferred to 5-mm
glass vials and sealed with a plastic cap and Parafilm for NMR measurements.
2.5. Membrane binding assay
Membrane binding measurements were carried out for non-myristoylated
and myristoylated GCAP-2. Protein was added from a concentrated stock
solution to liposome dispersions (5 mg/ml) prepared as described above in +Ca2+
and −Ca2+ buffer, respectively, to a final concentration of 0.5 mg/ml. The molar
ratio of protein to lipid was 1:300. The solution was incubated at 37 °C for 4 h.
Subsequently, the proteoliposome fraction was separated from the unbound
protein by ultracentrifugation for 1 h at 60,000 rpm. A total of 50 μl of SDS-
loading buffer was added to the supernatant and the pellet, respectively. Aliquots
of water were added to the pellet to equalize the sample volumes before SDS page
gel electrophoresis. Gels were stained using Coomassie brilliant blue and
subsequently imaged on a flatbed scanner. The software Phoretix 1D quantifier
4.01 (Phoretix International, Newcastle upon Tyne, UK) was used to determine
relative amounts of liposome-bound and unbound GCAP-2.
2.6. 2H solid-state NMR spectroscopy
2H NMR spectra were acquired with a widebore Bruker Avance 750 NMR
spectrometer operating at a resonance frequency of 115.1 MHz for 2H (magnetic
field strength of 17.6 T). A single-channel solids probe equipped with a 5-mm
solenoid coil was used. The 2H NMR spectra were accumulated with a spectral
width of ±250 kHz using quadrature phase detection, a phase-cycled
quadrupolar echo sequence [52] with two 3.0 μs π/2 pulses separated by a
60-μs delay, and a relaxation delay of 1 s. A phase-cycled inversion-recovery
quadrupolar echo pulse sequence was used to measure the relaxation times for
the decay of Zeeman order (T1Z; spin-lattice relaxation time). A relaxation delay
of 2 s was used and all other parameters were the same as for recording the 2H
NMR spectra. The signals were left shifted after acquisition to initiate the
Fourier transformation beginning at the top of the quadrupolar echo. An
exponential line broadening not exceeding 50 Hz was applied.
The 2H NMR powder-type spectra were de-Paked using the algorithm of
McCabe and Wassall [53], and order parameter profiles were determined from
the observed quadrupolar splittings (ΔvQ) according to:
jDvðiÞQ j ¼ 32 vQjSðiÞCDjjP2 cos hð Þj: ð1Þ
Here χQ=e
2qQ/h represents the quadrupolar coupling constant (167 kHz for
2H in the C–2H bond) and θ is the angle between the bilayer director axis and the
main external magnetic field and P2 is the second Legendre polynomial. For the
de-Paked 2H NMR spectra θ=0 and hence P2(cosθ)=1. The segmental order
parameter is described by
SðiÞCD ¼ 1=2h3cos2bi  1i ð2Þ
and depends on the angle β between the C–2H bond vector and the bilayer
director axis where the brackets indicate an ensemble or time average. Details of
the order parameter determination have been described before [54]. Since the
spectra of GCAP-2-myr-d27 did not show individual Pake doublets, smoothed
order parameter |SCD
(i) | profiles were calculated from the 2H spectra. The Pake
doublets were assigned starting at the terminal methyl group, which exhibits the
smallest quadrupolar splitting. The methylene groups were assigned consecu-
tively according to their increasing quadrupolar splittings.3. Results
3.1. Characterization of recombinant GCAP-2
The synthesis of myristoylated (GCAP-2-myr) and non-
myristoylated GCAP-2 variants as well as GCAP-2-myr-d27
molecules featuring a perdeuterated fatty acid modification was
essential for the present work. In order to obtain myristoylation
during heterologous expression in the bacterial host system,
GCAP-2 was co-expressed with N-myristoyltransferase I from
Saccharomyces cerevisiae [50]. The myristic acid (either
in protiated or perdeuterated form) was added to the medium,
metabolized by the host strain, used as a substrate by the
N-myristoyltransferase, and linked to the expressed GCAP-2
presenting the recognition site.
After purification to apparent homogeneity, as judged by
SDS-PAGE analysis, the samples were submitted to analytical
reversed-phase HPLC. While the non-myristoylated form of
GCAP-2 gave rise to a single homogeneous peak, the myris-
toylated forms exhibited one major peak at higher retention
times and an additional minor peak eluting at the position of the
non-myristoylated protein. For the preparations used in this
work, contents of 9% and 16% non-myristoylated species were
estimated for the perdeuterated and the protiated variant,
respectively. Molecular masses of 23,834 Da for the perdeut-
erated; 23,808 Da for the protiated; and 23,598 Da for the non-
myristoylated protein were determined by electrospray ioniza-
tion mass spectrometry. This is in good agreement with the
theoretical values of 23,834 Da; 23,807 Da; and 23,597 Da,
respectively. A minor fraction of protiated protein (b10%) was
detected in the perdeuterated preparation of GCAP-2.
3.2. Binding of GCAP-2 to lipid membranes
Before investigating the biophysical properties of lipid mem-
branes with bound GCAP-2, a quantitative binding assay was
carried out. In these experiments, the protein concentration was
20 μM, and the molar ratio of protein to lipid was 1:300. The
results are summarized in Fig. 1. Approximately 38% non-
myristoylated and 44% myristoylated GCAP-2 bound to DMPC
vesicles in the absence of Ca2+. At a Ca2+ concentration of 1 mM,
the fraction of membrane-associated GCAP-2 was reduced to
below 20%, with no significant differences observed between
myristoylated and non-myristoylated GCAP-2.
When the membranes consisted of a more physiological lipid
composition including negatively charged lipids and cholesterol,
the fraction of bound protein in the absence of Ca2+ was ap-
proximately 29% for the myristoylated and 32% for the non-
myristoylated GCAP-2. In agreement with the DMPC data,
protein binding in the presence of 1 mM Ca2+ was significantly
reduced.
3.3. Structural properties of the myristic acid chain of GCAP-2
versus DMPC host membrane
2H solid-state NMR was used to investigate the structure and
dynamics of the acyl chains of GCAP-2 and the lipids in the
Fig. 2. Representative solid-state 2H NMR spectra of (A) DMPC/GCAP-2-myr-
d27, (B) DMPC-d54/GCAP-2-myr, (C) DMPC-d54/GCAP-2, and (D) DMPC-d54 in
the Lα phase recorded at a temperature of 30 °C. The samples contained 50 wt.%
buffer (100 mMMOPS/KOH, 40 mM KCl, 10 mMMgCl2, 1 mM EGTA, pH 7).
Fig. 1. Summary of the binding data of GCAP-2 to DMPC and POPC/POPE/
POPS/cholesterol LUVs. Myristoylated (myr) and non-myristoylated (non-myr)
protein was allowed to bind to DMPC or mixed POPC/POPE/POPS/cholesterol
(molar ratio 40/40/15/5) membranes in the absence (filled bars) and in the
presence (empty bars) of 1 mM Ca2+. Liposomes and protein were incubated for
4 h at a temperature of 37 °C prior to analysis by SDS-PAGE. Data bars and
errors represent mean and range of two independent experiments.
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was chosen because the lipid chain of the protein and the host
matrix are identical. Further, DMPC is zwitterionic, which
would abolish the influence of electrostatic interactions on
membrane binding.
For the NMR measurements, the 2H label was switched
between the protein and the phospholipid enabling their separate
investigation. The 2H NMR spectra of GCAP-2-myr-d27 in the
DMPCmatrix and DMPC-d54 in the absence and in the presence
of myristoylated and non-myristolated GCAP-2 at a temperature
of 30 °C are shown in Fig. 2. While the DMPC-d54 NMR spectra
are well resolved showing the typical superposition of Pake
doublets from the methylene and methyl groups of the chain, no
such resolution was obtained for the protein myristic acid chain.
However, the width and the general shape of the NMR spectra
are comparable. The spectral width of∼30 kHz for the GCAP-2
spectrum is similar to that of the lipids in the host membrane.
Such motionally averaged 2H NMR spectra are typical for
hydrocarbon chain in a membrane indicative of the large ampli-
tude motions of the individual segments in the liquid crystalline
phase state. Therefore, the general shape of the 2H NMR spec-
trum indicates that the myristoyl chain of GCAP-2 is actually
incorporated into the DMPC matrix. The lacking resolution in
the 2H NMR spectrum of GCAP-2-d27 in DMPC membranes
indicates somewhat slower motions of the chain, which de-
creases T2 relaxation times and leads to a broadening of the
NMR signals. The DMPC-d54 NMR spectra in the presence of
GCAP-2 show a slightly broader line width compared to pure
DMPC, indicating that protein binding slightly slows down the
motion of the phospholipid molecules.
To discuss the differences in the 2H NMR spectra of
DMPC-d54 in the presence and in the absence of GCAP-2,
smoothed order parameter plots were calculated as shown in
Fig. 3A. Taking pure DMPC-d54 as the reference, the orderparameters of the myristoyl chain of GCAP-2-d27 are slightly
lower. The biggest difference is observed in the middle of the
chains while the order parameters are very close at the top and
at the end of the chain. The order parameters of DMPC-d54 in
the presence of both myristoylated and non-myristoylated
GCAP-2 are slightly higher compared to pure DMPC or
GCAP-2-myr-d27 in DMPC. Generally, these results indicate
that packing and dynamics of the lipid modification of GCAP-2
and the surrounding DMPC membrane are relatively similar.
From the order parameter profiles detailed information about
the geometry of the hydrocarbon chains can be obtained using a
model describing the distribution of the orientations of the car-
bon segments. Values accessible by this model include chain
length, interfacial area per chain, and hydrophobic thickness of
the bilayer. Detailed descriptions of how these values can be
calculated from a potential of mean torque are presented else-
where [46,55]. In Fig. 3B, the chain extension plots calculated
from the order parameter profiles are shown. These plots contain
information about the mean position of every second carbon
Fig. 3. Smoothed order parameter |SCD
(i) | profiles and chain extension profiles as a
function of chain segment position i. In panel A the order parameters obtained
for DMPC-d54 (□), DMPC-d54/GCAP-2 (○), DMPC-d54/GCAP-2-myr (▵),
and DMPC/GCAP-2-myr-d27 (♦) are shown. In panel B the chain extension
profiles showing the cumulative projection of the acyl segments (corresponding
to the average distance of the carbon i from the terminal methyl group) onto the
bilayer normal are presented for the same samples. Note that the chain extent of
GCAP-2-myr-d27 is relatively close to that of DMPC.
Table 1
Values for the mean interfacial area (A), the hydrocarbon thickness Dc, and the
chain extent (Lc⁎) for DMPC-d54, DMPC-d54 in the presence of GCAP-2 and
GCAP-2-myr, and for GCAP-2-myr-d27 in a DMPC matrix at a temperature of
30 °C
A (Å2) Dc (Å) Lc⁎ (Å)
DMPC-d54 29.8 12.9 10.6
DMPC-d54/GCAP-2 29.5 13.0 10.8
DMPC-d54/GCAP-2-myr 29.5 13.1 10.8
DMPC/GCAP-2-myr-d27 29.4 13.1 10.5
Fig. 4. Representative solid-state 2H NMR spectra of (A) POPC/POPE/POPS/
cholesterol/GCAP-2-myr-d27, (B) POPC/POPE/POPS-d31/cholesterol/GCAP-
2-myr, (C) POPC/POPE-d31/POPS/cholesterol/GCAP-2-myr, and (D) POPC-
d31/POPE/POPS/cholesterol/GCAP-2-myr, in the Lα phase recorded at a
temperature of 30 °C. The samples contained 50 wt.% buffer (100 mM
MOPS/KOH, 40 mMKCl, 10 mMMgCl2, 1 mM EGTA, pH 7). The lipids were
mixed at a molar ratio of 40:40:15:5.
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terminal methyl group was set to zero for direct comparison.
Again only little effect of protein binding on membrane structure
is observed for all DMPC and GCAP-2 chains. This provides
very good evidence that the myristic acid chain of GCAP-2 is
fully inserted into the host membrane. Further, there are only
marginal alteration in the packing properties of the DMPC host
membrane upon protein binding, which is in agreement with
previous results for the Ras protein [42,45,46]. Interestingly, the
presence or the absence of the myristoyl chain on the protein
does not alter the response of the membrane to protein binding.
Further, hydrocarbon chain lengths were calculated from the
chain extension plots and values for themean interfacial area and
the thickness of the hydrocarbon core were determined using the
potential of mean torque and are summarized in Table 1. Again
the mean area and length of the lipid modification seem to be
independent on the lipid environment. Interestingly, the length
of the myristoyl lipid modification is very close to that of the
myristoyl acyl chains of the lipids.3.4. Structural properties of the myristic acid chain of GCAP-2
a complex membrane mixture
After investigating the 2H NMR spectra of GCAP-2 and its
simple saturated DMPC host membrane, we studied the pro-
perties of GCAP-2 in a more physiological unsaturated mem-
brane that was composed of four lipids to mimic the composition
of retinal membranes, where GCAP-2 is found. To this end, we
prepared POPC/POPE/POPS/cholesterol membranes at a molar
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chains is now different between GCAP-2 and the host mem-
brane.While GCAP-2 comprises a saturated 14:0 chain, the lipid
matrix is composed of lipids with a saturated 16:0 chain in the
sn-1 and an unsaturated 18:1 chain in sn-2 position. Again, we
followed the strategy of switching the 2H label between the
protein and the palmitoyl chain of the phospholipids in the
membrane. Now, we can also observe the 2H NMR spectra of
each individual lipid component in the membrane.
The 2H NMR spectra of GCAP-2-d27 and each phospholipid
species in the host membrane are shown in Fig. 4. Usually, 2H
NMRorder parameters of unsaturated phospholipids (for instance
POPC) are smaller than those of saturated species (for instance
DMPC). However, due to the presence of cholesterol in themixed
membranes, which is known to condense phospholipid mole-
cules, the order parameters of the unsaturated membranes are
actually somewhat higher. Each deuterated phospholipid species
in the mixed membrane showed well-resolved powder spectra of
very similar width. The 2H NMR spectrum of GCAP-2-myr-d27
in the mixture is somewhat narrower and again not as well
resolved as the phospholipid spectra. This points towards some-
what slower motions of the N-terminus of GCAP-2 compared to
the phospholipids.Fig. 5. Smoothed order parameter |SCD
(i) | profiles and chain extension profiles as a func
from the sample POPC-d31/POPE/POPS/cholesterol (40:40:15:5 mol/mol), in panel B
POPC/POPE/POPS-d31/cholesterol (40:40:15:5 mol/mol) are shown. The correspo
segments (corresponding to the average distance of the carbon i from the terminal m
profiles in panels D–F. In each panel the symbol (□) corresponds to the membrane in
GCAP-2, and the symbol (▵) to the presence of myristoylated GCAP-2-myr. For com
GCAP-2-myr-d27 (♦) is shown in panels A–C, while the calculated chain extension p
much smaller than that of POPC/POPE/POPS. A side-by-side comparison of the
environments shows that the order parameters are slightly lower in DMPC compareTo discuss the differences in the 2H NMR spectra, smoothed
chain order parameter and chain extension profiles are shown in
Fig. 5. The first obvious observation is that the order parameters
of GCAP-2-d27 are smaller than those of each individual phos-
pholipid in the membrane. This is also clearly seen in the chain
extension profiles. While the chain extent of the phospholipids
varies between 12.9 and 13.2 Å, the myristoyl chain of GCAP-2
is about 2 Å shorter (10.9 Å). Apparently, somewhat different
packing properties are encountered in the more natural mem-
brane compared to DMPC.
Second, the order parameters of each individual phospho-
lipid in the mixture are very close suggesting that the four
components are well mixed both in the presence and in the
absence of GCAP-2. Average order parameters of each
phospholipid in the mixture are reported in Table 2. In the
absence of GCAP-2, POPS has the highest order parameter
followed by POPE and by POPC, which is in agreement with a
previous investigation of a similar lipid mixture [54]. The
differences are very close to the experimental error (±0.002).
Apparently, GCAP-2 binding to the membrane does not induce
alterations of the lateral lipid organization as observed for
other proteins [56–59]. In particular the POPS did not show a
specific response to protein binding, indicating that attractivetion of chain segment position i. In panel A the order parameter profiles obtained
for POPC/POPE-d31/POPS/cholesterol (40:40:15:5 mol/mol), and in panel C for
nding chain extension profiles showing the cumulative projection of the acyl
ethyl group) onto the bilayer normal are presented below the order parameter
the absence of any protein, the symbol (○) to the presence of non-myristoylated
parison the order parameter profile obtained for POPC/POPE/POPS/cholesterol/
rofile is shown in panels D–F. Note that the chain extent of GCAP-2-myr-d27 is
order parameter profiles of GCAP-2-myr-d27 in the two different membrane
d to POPC/POPE/POPS/cholesterol.
Fig. 6. Dependence of R1Z
(i) rates on the corresponding order parameter squared in
quaternary POPC/POPE/POPS/cholesterol lipid mixtures at a molar ratio of 40/
40/15/5 in the presence of GCAP-2. The plots were measured for the POPC-d31
(red squares), POPE-d31 (green circles), POPS-d31 (blue triangles), and the
GCAP-2-myr-d27 (black diamonds), respectively. Lines are drawn to guide the
eye. Assuming the relaxation is governed by order fluctuations, the flexibility of
the different phospholipids in the mixture is very similar, while GCAP-2 itself
exhibits a slightly higher flexibility.
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membrane interaction.
However, thirdly, the response of each individual phospho-
lipid species to GCAP-2 binding is slightly different. While
POPC has the lowest order parameter in the absence of GCAP-
2, binding of both myristoylated and non-myristoylated protein
increases the order parameter of POPC. In contrast, protein
binding decreases the order parameters of both POPE and POPS
in the membrane.
All structural parameters of the perdeuterated chains in the
individual preparations are given in Table 2. While subtle
differences between the individual phospholipid chains are
detected as mentioned above, the general trend is summarized
by the observation that the phospholipid chains are longer and
occupy a smaller cross-sectional area than the myristic acid
chain of GCAP-2. Further, the myristoyl chain of GCAP-2 in a
DMPC host membrane is shorter and occupies a larger cross-
sectional area than in the complex quaternary lipid mixture.
3.5. Dynamical properties of the myristic acid chain of GCAP-2
a complex membrane mixture
Finally, the molecular dynamics of the lipid modification of
GCAP-2 was investigated by the analysis of 2H NMR relaxation
rates. NMR relaxation is susceptible to randomly fluctuating
electromagnetic fields that are the result of internal, molecular,
and collective motions of the molecules in the membrane, which
lead to a dramatic acceleration of the relaxation process. There-
fore, information about the dynamics of the molecules can be
gathered by analysis of NMR relaxation rates. The relaxation
rate obtained for each carbon position in the lipidmodification of
GCAP-2 is shown in Fig. 6. In previous analyses of pure
phospholipid membranes, it has been found that the relaxation
rate often exhibits a linear dependence on the square of the order
parameter [60]. If themobility of the lipid chains is increased, theTable 2
Values for the mean interfacial area (A), the hydrocarbon thickness Dc, and the
chain extent (Lc⁎) for each phospholipid in the mixture of POPC/POPE/POPS/
cholesterol in the absence and in the presence of GCAP-2 and GCAP-2-myr, and
for GCAP-2-myr-d27 in this mixture at a temperature of 30 °C
S A (Å2) Dc (Å) Lc⁎ (Å)
POPC-d31/POPE/POPS/cholesterol 0.201 27.9 15.8 12.9
POPC-d31/POPE/POPS/cholesterol/
GCAP-2
0.208 27.6 15.9 13.1
POPC-d31/POPE/POPS/cholesterol/
GCAP-2-myr
0.206 27.6 16.0 13.0
POPC/POPE-d31/POPS/cholesterol 0.204 27.9 15.8 13.0
POPC/POPE-d31/POPS/cholesterol/
GCAP-2
0.201 27.9 15.8 12.8
POPC/POPE-d31/POPS/cholesterol/
GCAP-2-myr
0.200 28.0 15.7 12.9
POPC/POPE/POPS-d31/cholesterol 0.212 27.6 15.9 13.2
POPC/POPE/POPS-d31/cholesterol/
GCAP-2
0.204 27.9 15.8 13.0
POPC/POPE/POPS-d31/cholesterol/
GCAP-2-myr
0.208 27.7 15.9 13.1
POPC/POPE/POPS/cholesterol/
GCAP-2-myr-d27
0.185 28.9 13.3 10.9slope in the square law plots becomes steeper and departs from
linearity [46,61]. The square law plot obtained for GCAP-2 and
each individual phospholipid in the POPC/POPE/POPS/choles-
terol mixture is shown in Fig. 6. The phospholipids in the
mixture show a relatively linear square law plot, while the plot
shows a steeper slope for the myristoyl lipid modification of
GCAP-2 in that mixture.
4. Discussion
In this study, structural and dynamical features of the
myristoylation of the GCAP-2 protein in two different host
membranes were investigated. Co-expression of the protein
with a yeast N-myristoyltransferase in E. coli yielded post-
translationally modified GCAP-2 protein and allowed for the
selective deuteration of its myristoyl lipid chain for the 2H
NMR characterization of its structure and dynamics in lipid
membranes.
4.1. Binding of myristoylated and non-myristoylated GCAP-2
to lipid membranes
The binding data of GCAP-2 to lipid membranes reveal
some interesting insights into the interaction of the protein with
lipid bilayers. First, GCAP-2 binding to zwitterionic bilayers is
slightly stronger than to membranes containing the negatively
charged phosphatidylserine. Previous studies showed that a
single myristoyl chain does not provide enough binding free
energy for quantitative sequestration of a protein to the lipid
membrane unless additional interactions supporting protein
binding were present [34–36]. The overall negative charge on
GCAP-2, which has a theoretical isoelectric point of 4.8, would
be expected to disfavor interaction with negatively charged
membranes. Second, myristoylation of the protein increases the
fraction of protein bound to the zwitterionic DMPCmembranes.
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lipid mixture within experimental error. Third, even non-
myristoylated GCAP-2 binds to both zwitterionic and nega-
tively charged lipid membranes, indicating that in addition to
the insertion of the myristic acid chain, a further binding
mechanism must be present, which is most likely of
hydrophobic origin. The GCAP-2 sequence features a number
of hydrophobic residues (5 Tyr, 5 Trp, 13 Phe, 20 Leu), and it is
tempting to speculate that the conformational change upon
release of Ca2+ leads to an enhanced exposure of hydrophobic
surface area.
In order to better understand the various contributions to
GCAP-2 membrane binding, we applied a simple binding model
to estimate the unitary Gibbs free energy change associated with
membrane binding of the protein [34]. In this model, the fraction
of protein bound to the vesicle is expressed by fb=Kp[L] / ([W]+
Kp[L]), where Kp is the mole fraction partition coefficient, [L] is
the lipid concentration that is accessible for binding (half of the
total lipid concentration in unilamellar vesicles), and [W] is the
molar concentration of water (55.6 mol/l). The partition coeffi-
cients calculated from the binding studies and the changes of the
unitary Gibbs free energy are given in Table 3. The binding
energy for non-myristoylated GCAP-2 to zwitterionic DMPC
membranes is −23.8 kJ/mol, which we attribute mostly to hydro-
phobic and/or van der Waals interactions. The contribution of
electrostatic repulsion to the binding energy comprises less than
+2 kJ/mol. A striking result of this analysis is that the contribution
of the myristoyl chain to the free energy of binding of GCAP-2 to
DMPC membranes is only on the order of −0.5 kJ/mol.
Previous studies on lipid modified peptides have shown that
each methylene group of a acyl chain that partitions into a lipid
membrane contributes a favorable hydrophobic energy of
−3.45 kJ/mol [34,35,62,63]. For instance, a significant Gibbs
free energy for partitioning a myristic acid chain into n-heptane
ofΔGu
0 = (17.81–3.45nC) kJ/mol≈−30 kJ/mol arises [63]. Such
a high binding energy was not observed in our experiments and
would correspond to complete membrane binding of GCAP-2.
This idealized situation is not encountered in any myristoylated
protein, as a single myristic chain modification does not provide
sufficient binding energy [34–36]. Apparently, additional
entropic losses or an incomplete myristic chain insertion reduce
the actual binding energy [64].
How can one understand the binding data and the small
contribution of the myristic acid chain of GCAP-2 determined
in this study? The most obvious explanation is that all putative
binding mechanisms of the protein are not acting synergistical-Table 3
Partition coefficients and Gibbs free energy changes for GCAP-2 binding to
lipid membranes
Membrane Protein fb Kp/10
3 ΔGu
0
(kJ/mol)
DMPC Non-myr GCAP-2 0.38 10.6 −23.8
myr GCAP-2 0.44 12.4 −24.3
POPC/POPE/POPS/cholesterol
(40/40/15/5, mol/mol)
Non-myr GCAP-2 0.32 7.7 −23.0
myr GCAP-2 0.29 6.7 −22.7ly. This would mean that, depending on the type of membrane
that GCAP-2 binds to, a different membrane orientation of the
protein would yield the lowest free energy. For instance,
hydrophobic interactions of the protein with the membrane may
require a membrane orientation that does not allow for the
simultaneous insertion of the myristic acid chain. In turn,
partitioning of the myristic acid chain may require an orien-
tational change of the bound protein that disfavors other binding
mechanisms. In other words, there is no membrane orientation
of the protein that allows for the synergistic summation of all
contributions to the binding energy. In fact, 15N solid-state
NMR experiments in oriented membranes may actually allow to
determine if this scenario is correct.
Alternatively, one could imagine that the myristic acid chain
of GCAP-2 was not inserted into the membrane, which
prompted us to study its structure and dynamics in the lipid
membrane by 2H NMR.
4.2. The structure and dynamics of the myristoyl chain of
membrane-bound GCAP-2
The 2HNMRdata acquired in this study indicate that the lipid
chain of GCAP-2 is fully inserted into the membrane. All NMR
parameters are in agreement with the characteristic features of
membrane inserted fatty acid chains. The general packing pro-
perties of the myristoyl chain of GCAP-2 depend only slightly
on the host matrix. In a DMPC matrix of identical myristoyl
chains, the order parameters, hydrophobic thickness, chain
extent, and cross-sectional area are almost identical, which
proves that the chain is fully inserted. These parameters remain
relatively similar when GCAP-2 is inserted into a more bio-
logical quaternary lipid mixture although the host membrane
shows much higher order parameters. Nevertheless, the struc-
tural properties of the GCAP-2 acyl chain are still compatible
with a full insertion into the membrane. In fact, the length of the
GCAP-2 chain in DMPC is only 0.2 Å bigger than in the POPC/
POPE/POPS/cholesterol mixture. For comparison, the average
chain extent in DMPC membranes is about 2.2 Å shorter than in
the quaternary lipid mixture. This means that chain conforma-
tion of GCAP-2 does not exactly follow that of the host mem-
brane but rather remains relatively constant.
Previous investigations of membrane binding of myristoy-
lated Src showed that only on the order of 10 methylene groups
of the chain are inserted into the membrane [64]. In these
peptides, a cluster of basic amino acid residues directly adjacent
to the N-terminus is found that increases the binding energy to
the membrane. However, when approaching the low dielectric
constant environment at membrane surface a significant Born
repulsion results. The equilibrium conformation of the lipidated
peptide is then determined by the minimal free energy balancing
the repulsive Born repulsion and the attractive hydrophobic
contribution due to the insertion of the myristic acid chain. This
balance of forces is responsible for the water exposure of some
of the acyl chain in Src and other myristoylated proteins.
GCAP-2 is lacking basic residues in the direct vicinity of the N-
terminus. Therefore, the myristic acid chain can fully insert into
the host membrane, which places the N-terminus of the protein
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arrangement has also been observed for membrane-associated
Ras peptides [44,45].
An exposure of some methylene groups of the myristoyl
chain is clearly not encountered in membrane-bound GCAP-2.
The difference in the cross-sectional area of the GCAP-2
chain in the two lipid membranes is only 0.5 Å2 while the
difference of ~1.7 Å2 between the DMPC and the mixed
membrane indicates significant packing differences of the
host membranes. This means that the conformation of the
myristoyl chain of GCAP-2 is not influenced by the lipid host
matrix. Such a situation suggests that only the amino acids on
the N-terminus of the protein determine the structural
parameters of the myristoyl chain. The amino acid sequence
at the N-terminus of GCAP-2 is Myr-Gly-Asn-Asn-Phe-Ser-
Trp-Glu-Glu-Ala-Glu. Since the Gly and the to Asn residues
are not suggested to insert into the membrane, the cross-
sectional area of the myristic acid chain is not influenced by
insertion of hydrophobic residues of the adjacent polypeptide
chain as it is in Ras [44,45]. The likely insertion of the Phe
and Trp side chains has no influence on the myristic acid
conformation. The negatively charged Glu residues are lo-
cated too far away to influence the conformation and insertion
of the myristic acid chain of GCAP-2.
The dynamical properties of the myristic acid chain of
GCAP-2 in the POPC/POPE/POPS/cholesterol membrane are
somewhat different from those of the host membrane. Plots of
the Zeeman order spin-lattice relaxation rate versus the square
of the order parameter provide empirically report the dynamic
properties of the lipid chains in membrane. Only moderate
differences are found in the dynamical properties of the
myristoyl chain of GCAP-2 and the three phospholipids of
the host matrix. The myristoyl chain of GCAP-2 is more mobile
than the host matrix, but by far not as dynamic and highly
flexible as the lipid modifications of Ras that were studied
before [42,46,47]. This is a significant finding of the current
study in comparison to the Ras membrane anchor. While the
lipid chain modifications of Ras have a much higher mobility
than the host matrix, the myristoylation of GCAP-2 behaves
very similar to the chains of its host membranes.
4.3. Conclusions
After determining structural and dynamical details of the
myristoyl chain in membrane-bound GCAP-2, the puzzling
question about the role of this chain in the biological function of
GCAP-2 remains. While the fraction of bound protein increases
for myristoylated GCAP-2, the chain only adds a negligible
contribution to the actual binding energy. While several terms
contribute to the binding energy of the protein, they cannot act
synergistically and the actual orientation of the protein on the
membrane surface might be different for myristoylated or non-
myristoylated protein in zwitterionic or negatively charged
membranes. So the most important regulator for GCAP-2
binding to lipid membranes is the Ca2+ concentration of the
medium as reported earlier [17] and also confirmed in our study
(Fig. 1).While perhaps not essential for membrane binding [17,31],
the myristoyl chain of GCAP-2 plays a role in activating the
guanylyl cyclase in the signal transduction process in the retina.
The guanylyl cyclase is a transmembrane protein and the in-
tracellular interaction site with GCAP-2 is currently not well
defined. Since the myristoyl chain of GCAP-2 is membrane
inserted, it is likely that this interaction site is localized in a
segment of the guanylyl cyclase that is either transmembrane or
in the direct vicinity of the membrane. However, this hypo-
thesis needs to be further elaborated by interaction studies of
the two proteins, which represent the next steps in this ongoing
study.
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